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tetrahedral intermediates through hydrogen bonding, which also reduces the enthalpic price of the reaction. Accordingly, the cavitand provides a nearly ideal environment for this reaction: The reactants are confined in a limited space and properly oriented, and the desired reactive intermediate is actively stabilized. The stabilization is further enhanced by the binding of the intermediate. In free solution, the dehydration step is self-promoted; in the absence of a better base, a second amine molecule can accelerate the elimination of water. The confinement provided by the cavitand prevents interaction between external base and tetrahedral intermediate, thereby inhibiting progression to the imine.
Are these confining cavities capable of shifting equilibria toward otherwise unstable intermediates (22) ? Enzyme-catalyzed reactions show enormous rate enhancements through binding to reaction intermediates that structurally resemble transition states. The alteration of equilibria inside enzymes such as triose phosphate isomerase has been proposed (23, 24) but, despite close examination (25) , has yet to be confirmed. Another proposal relates the magnitude of these effects to the attractive forces between enzyme and substrate, with the greatest effects arising from the formation of covalent bonds (26) . The evidence presented here supports this view, insofar as the cavitand's functional group arrangement resembles an enzyme active site. Although these cavitands are not catalysts, they show a capacity in stoichiometric quantities to trap reactive intermediates, allowing more direct study of reaction mechanisms. Traditionally, transition metal-catalyzed enantioselective transformations rely on chiral ligands tightly bound to the metal to induce asymmetric product distributions. Here we report high enantioselectivities conferred by a chiral counterion in a metal-catalyzed reaction. Two different transformations catalyzed by cationic gold(I) complexes generated products in 90 to 99% enantiomeric excess with the use of chiral binaphthol-derived phosphate anions. Furthermore, we show that the chiral counterion can be combined additively with chiral ligands to enable an asymmetric transformation that cannot be achieved by either method alone. This concept of relaying chiral information via an ion pair should be applicable to a vast number of metal-mediated processes.
T he preparation of enantiomerically pure compounds has become a requirement for agrochemical and pharmaceutical synthesis. Such chiral nonracemic compounds are typically accessed from either Nature's "chiral pool," by resolution of a racemate or by means of an enantioselective transformation mediated by a chiral catalyst (1) . In general, chiral catalysts rely on covalent (dative or nondative) bonds between the reactive site and the chiral moiety. An alternative approach, which takes advantage of the fact that many enantioselective catalysts bear a positive charge, is the induction of asymmetry by interaction of the cationic catalyst with a chiral counteranion associated with the metal in an ion pair. This idea is potentially very powerful because, in principle, the same or a small library of chiral anionic counterions could be used to make a wide range of cationic catalysts enantioselective. The importance of chiral ion pairs is well known in the fields of phase-transfer catalysis (2) and organocatalysis (3) (4) (5) (6) and may also be relevant to chiral Brønsted acid catalysis (7). Although chiral ions have been successfully applied to the resolution of metal complexes, very few reports have described examining a chiral counterion strategy for metal catalysis (8) . Support for the concept has been clearly demonstrated; however, the potential has been widely unappreciated because of the low enantioselectivity [0 to 34% ee (enantiomeric excess)] obtained in previous attempts using this method (9-11). Herein we report a highly enantioselective transition metal-catalyzed reaction mediated by a chiral counterion. In spite of the recent upsurge of reports documenting reactions catalyzed by homogeneous gold complexes (12) (13) (14) (15) , relatively few enantioselective transformations have been discovered (16) (17) (18) (19) (20) (21) (22) . Au(I) complexes incorporating chiral phosphines have proven very successful for certain processes but inadequate for others; this deficiency is possibly attributable to the linear coordination geometry of gold, which places the chiral components distant from the substrate. We have previously noted a dramatic effect of the counteranion on the stereoselectivity of cationic Au(I)-catalyzed reactions (21) . In light of this observation, we envisioned that chiral counterions could provide a particularly advantageous alternative to the traditional chiral ligand approach in the arena of gold chemistry.
Although a number of transition metals catalyze the addition of alcohols across carbon-carbon multiple bonds, to date, only Au(I) complexes have been successful in promoting an asymmetric hydroalkoxylation of allenes (20, 23) . Our research efforts, as well as those of others, have found this transformation particularly difficult to achieve with broad substrate scope and high enantioselectivity when using chiral phosphineligated catalysts. Only allenol substrates bearing a particular substitution pattern have succumbed to cyclization with high enantioinduction. We therefore saw this reaction as an ideal platform to test the ability of chiral counterions to mediate asymmetric gold reactions.
As expected, for a typical allenol substrate 1, treatment with a variety of chiral phosphinesubstituted gold catalysts in dichloromethane solvent led to poor enantioselectivities (Fig. 1A) . In contrast, the catalyst produced in situ from Ph 3 PAuCl (in which Ph 3 P is triphenylphosphine) and chiral silver phosphate Ag-(R)-6 (24, 25) in dichloromethane solvent furnished a good yield of the hydroalkoxylation product and moderate enantiomeric excess (Fig. 1B) . We chose phosphates derived from binaphthol as chiral anions for our investigation because of ease of access and their ready variability (26) . Moreover, the silver phosphate enables facile generation of the cationic gold(I) catalyst from the phosphinegold (I) chloride driven by precipitation of silver chloride from solution (27) . Control experiments demonstrated that the reaction is not catalyzed by the phosphoric acid corresponding to protonated 6, nor is there an appreciable background reaction from either Ph 3 PAuCl or the silver phosphate alone. The enantioselectivity of the reaction was improved by utilizing the dinuclear gold complex bearing the bis(diphenylphosphinomethane) ligand (dppm). Examination of other solvents demonstrated that more-polar solvents, such as nitromethane or acetone, gave significantly lower enantiomeric excess values (Fig. 1C) . However, the less-polar benzene proved to be the optimal medium, providing the desired product in an exceptional 97% ee. These findings are consistent with an ion-pair model, in which the degree of enantioinduction depends on the proximity of the counteranion to the cationic gold center (9) .
Knowing the optimized conditions, we explored the scope of the chiral counterion-mediated enantioselective hydroalkoxylation. We found the method could be generally applied to a variety of allenol substrates ( Even though the achiral ligand system proved successful for a variety of substrates, we were curious to see whether we could combine chiral ligands on gold with the chiral counterion to further improve the enantioselectivity. To study this question, we examined substrate 14, which lacks any sterically demanding substituents along the backbone or the allene terminus (Table 1, entry  8 ). This type of unfunctionalized compound is typically very resistant to highly enantioselective transformations, so we were not surprised to find that our standard conditions converted this substrate with slightly reduced enantioselectivity (80% ee). Fortunately, further investigation revealed that combining chiral complex (1S,2S)-(+)-bis[(2-methoxyphenyl)phenylphosphino]ethane [(S,S)-DIPAMP](AuCl) 2 with Ag-(S)-6 produced the vinyltetrahydropyran product 21 in 92% ee. Pairing the (S,S)-ligand with the opposite enantiomer of the chiral counterion did not furnish the same improvement in enantioselectivity, indicating that the two combine in a "matched" and "mismatched" fashion. Clearly, the combination of chiral ligands and chiral counterion creates an exceptionally selective system capable of strong enantioinduction for even the most challenging substrates. Accordingly, we probed the applicability of our chiral counterion strategy to another goldcatalyzed reaction. We considered the intramolecular hydroamination of allenes as a straightforward extension. In the event, we found that a phenyldimethylphosphine-ligated cationic gold complex with the chiral phosphate counterion 6 promoted the desired transformation of allene-sulfonamides with a high level of enantioselectivity (Fig. 2) . A number of different substrates performed well under the reaction conditions to give pyrrolidine products in good yield and excellent enantiomeric excess. High enantioselectivity was observed even for compounds 23 and 25, which gave lower enantiomeric excess values (83% and 70%, respectively) under our previously reported hydroamination conditions in which we used chiral phosphine ligands on gold (21) . Thus, we have established that the very high enantioinduction from our chiral counterion is not confined to a single reaction, as it offers a useful complementary approach to asymmetric hydroamination of allenes as well.
With these results in hand, we next turned to asymmetric hydrocarboxylation of allenes. Initially, we were disappointed to find that gold complexes incorporating chiral ligands or chiral counterions catalyzed the reaction with poor asymmetric induction (Fig. 3) . Nevertheless, we realized this transformation could be an excellent arena in which to test the power of combining chiral ligands and counterions. Despite the extremely low enantioselectivity provided by either component alone, the gold catalyst combining the
and (R)-6 counteranion cyclized the allene-carboxylate 30 to lactone 31 in 82% ee. As would be expected, this reaction exhibited a dramatic matched and mismatched pairing effect of the ligand and counterion; the (R) enantiomer of the silver phosphate, together with the antipodal (R)-BINAP(AuCl) 2 , produced a nearly racemic product. The highly additive effect of counterion and chiral ligand, as demonstrated here, provides more evidence of the enabling power of the counterion strategy for opening previously inaccessible transformations to asymmetric catalysis.
The chiral counterion approach is especially appealing for Au(I) catalysis, given the aforementioned difficulty of transferring chiral information from a ligand disposed 180°from the substrate. We have shown that modification of the counterion can be used to circumvent this problem by introducing an additional source of chirality near the metal center. Our success relative to previous studies may be partially attributed to the choice of chiral anions that have previously demonstrated potential in asymmetric Brønsted acid catalysis; however, in addition to accessing reactivity not available using Brønsted acid catalysts (12) , the use of chiral anions in metal catalysis benefits from tuning of the ancillary ligands on the metal in a manner that is not possible for H + . Moreover, this concept does not preclude processes that require a change in the formal oxidation state of the transition metal catalyst, but rather requires that ion-pairing be maintained in the transition state structure of the enantiodetermining step. Therefore, this approach is by no means limited to cationic gold(I) complexes as catalysts or chiral phosphates as counterions. Considering the multitude of reactions catalyzed by ionic complexes of palladium, rhodium, ruthenium, iridium, and other metals, and given the vast possibilities for chiral anionic and cationic species, we envision tremendous potential in the field of chiral counterion-mediated transition metal-catalyzed reactions. This approach should have especially broad applicability, given that the chiral counterion strategy can be combined with existing chiral ligand platforms in a synergistic fashion. Table 1 . Scope of asymmetric hydroalkoxylation. Entry 8 was performed using (S,S)-DIPAMP ligand (7); enantiomeric excess from using dppm(AuCl) 2 is in parentheses. Yields refer to isolated material except for entry 8, which was determined by gas chromatography analysis versus an internal standard.
• Fig. 3 . Hydrocarboxylation using chiral ligand and counterion. The absolute configuration of product enantiomer in excess is noted for each entry.
• OH O 2.5 mol% L(AuCl) 2 5 mol% AgX benzene, 23°C, 24h 
